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Abstract. Several soil models, such as linear elastic, equivalent linear, and non-
linear models, are employed in seismic ground response analysis. The aim of this 
study was to validate the seismic responses at ground surface of several soil 
models with the vertical array record of the Kobe earthquake. One-dimensional 
seismic response analyses were performed at Port Island using several soil 
models. The responses at ground surface from the simulated soil models were 
validated with the vertical array record of the Kobe earthquake. The results 
showed that the extended hyperbolic model yielded the most appropriate 
response according to the Kobe earthquake’s recorded motion. This means that 
this model can be considered a suitable soil model to predict the response of 
strong earthquakes. In general, the results support the recommendation to select 
the most appropriate soil model for seismic ground response analysis. 
Keywords: Kobe earthquake; Port Island; soil models; seismic ground response 
analyses; vertical array record; strong earthquake. 
1 Introduction 
In the past fifty years, many researchers have intensively investigated soil 
dynamics. The study of soil dynamics is important because earthquakes can 
result in structural building collapse, ground failure, liquefaction, and other 
catastrophic damage. The seismic ground response problem has been 
investigated by Hashash, et al. [1]. The basic framework for seismic ground 
response analysis is the propagation of seismic waves through horizontal soil 
layers [2]. There are two major methods to analyze the seismic ground response, 
i.e. the equivalent linear method [3] and non-linear methods [4]. The equivalent 
linear method uses the frequency domain in the seismic ground response 
analysis. In non-linear methods, time domain analysis is commonly used for the 
one-dimensional wave propagation problem [5].  
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Nowadays, sophisticated computer programs use the above methods for 
analysis. For instance, the SHAKE program by Schnabel, et al. [3] adopted the 
equivalent linear method while the NERA program by Bardet and Tobita [6], 
Cyclic 1D by Elgamal, et al. [7], FLIP by Iai, et al. [8], and DEEPSOILS by 
Hashash, et al. [5] used non-linear methods. These computer programs are 
helpful in seismic wave propagation analysis for engineering practice as well as 
for theoretical problems [2]. An engineer must fully understand how these 
programs work, especially regarding their reliability and the models they use. A 
deep understanding of these models and programs is necessary to know which 
one is appropriate for each case [9]. So far, most researches focused on the 
development of seismic ground response models related to the need to depict 
soil behavior during an earthquake using various models. Studies to choose the 
most appropriate seismic ground response model are still limited. Studies with 
the emphasis on the reliability of soil models in capturing the recorded ground 
motion have rarely been performed. This study aimed to determine the most 
suitable soil model for the seismic ground response problem. Several soil 
models were implemented using a one-dimensional ground response analysis. 
Furthermore, the responses at ground surface from the implemented soil models 
were validated with the recorded motion of the Kobe earthquake at Port Island 
in 1995 [10]. Thus, this study compared the ground motion parameters of 
simulated soil models with recorded conditions. 
2 Theoretical Background 
2.1 Soil Models of One-Dimensional Seismic Wave Propagation 
Various researchers have proposed soil models of one-dimensional seismic 
wave propagation during the last fifty years, such as Schnabel, et al. [3], 
Hashash, et al. [5], Bardet and Tobita [6], Iai, et al. [8], Martin, et al. [11], and 
Elgamal, et al. [12]. The undamped linear elastic model is a first-generation soil 
model. This method of analysis is similar to linear elastic analysis. However, 
soil behavior is not linear due to cyclic loading, so the model needs to compute 
the complex soil behavior during cyclic loading [5].  
The equivalent linear model is the most commonly used method for seismic 
response analysis [3]. This model was designed to predict the non-linear 
behavior of soil through an equivalent linear approach. The maximum shear 
modulus (Gmax) of soil is estimated using the secant modulus (Gsec). However, 
this model is limited in seismic ground response analysis on soft soil. Finn, et 
al. [13] reported that the equivalent linear method overestimates the maximum 
acceleration while it can also underestimate amplification at high frequency 
[14]. Therefore, a non-linear method is expected to provide better results. 
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Iwan [15] and Mroz [16] introduced the piecewise element model to estimate 
the non-linear shear modulus in one-dimensional seismic ground response 
analysis. The backbone curve of the shear stress-shear strain is reconstructed 
from a piecewise-shaped modulus reduction curve. The relation between 
volume shear strain and cyclic shear strain is independent of confining pressure 
[11]. The NERA program uses this model [6]. 
Martin, et al. [11] proposed the post-liquefaction Finn model (PL Finn model) 
to simulate non-linear soil behavior. This model can also predict changes in 
volumetric strain and pore pressure. Itasca’s fast Lagrangian analysis of 
continua (FLAC) uses the Finn model [17]. Iai, et al. [8] developed another 
non-linear model called the multi-spring element model to compute the non-
linear cyclic behavior of soil. The model combines two major models, i.e. the 
multi-spring element model and the effective stress model, and can predict the 
hysteresis loop in cyclic behavior of anisotropic consolidated sand [18], 
whereas the effective stress models can estimate the excess pore pressure. The 
Finite Element Liquefaction Program (FLIP) uses this multi-spring element 
model.  
Elgamal, et al. [12] introduced the non-linear effective stress model, which is 
used in the CYCLIC 1D program. The non-linearity is simulated by incremental 
plasticity that allows to compute permanent deformation and generate hysteretic 
damping. Mase, et al. [19] found that this model was reliable in estimating the 
dynamic behavior of liquefied soil in northern Thailand during the 2011 Tarlay 
earthquake. Hashash, et al. [5] introduced a simulation to analyze the one-
dimensional seismic ground response and greatly extended the hyperbolic 
model from the original model proposed by Matasovic [20]. This model focuses 
on the hysteresis loop during cyclic loading and defines the backbone curve as a 
hyperbolic function. Hashash, et al. performed non-linear analysis by defining 
discrete time increments in the time domain on a lumped mass system [5].  
2.2 Ground Motion Parameters 
Ground motion parameters can describe the characteristics of ground motion. 
Bommer and Martinez-Pereira [21] have suggested that the estimation of 
ground motion characteristics is required to identify the destructive potential of 
the ground motion. Three main parameters can describe the ground motion, i.e. 
the amplitude parameters of the vertical array, the frequency content, and the 
duration of the earthquake [22].  
Recently, Seismosoft [23] has suggested that ground motion parameters should 
be investigated to obtain specific ground motion characteristics. The ground 
motion parameters that Seismosoft suggested to observe are: maximum 
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acceleration (PGAmax), maximum velocity (PGVmax), maximum acceleration 
(PGDmax), time values of PGAmax, PGVmax, PGDmax, the ratio of Vmax/Amax, root 
mean square (RMS) values of acceleration, velocity, displacement, Arias 
intensity, characteristic intensity, specific energy density, intensity of spectrum 
responses, Housner intensity, effective duration, and energy flux. The National 
Research Institute for Earth Science and Disaster Resilience (NIED) offers a 
detailed overview of these parameters [24]. The ground motion parameters for 
the Kobe earthquake are presented in Table 1. 
This study observed the vertical array record of the Kobe earthquake and 
compared the ground motion at the ground surface of the simulations with the 
recorded conditions. Figure 1 demonstrates that the maximum surface 
acceleration (PGAmax) recorded at Port Island was about 0.315 g, while PGVmax 
was about 74.921 cm/s and PGDmax was about 38.342 cm. Figure 2 presents the 
spectral responses. The peak spectral acceleration (SAmax) was about 1.059 g, 
which occurred during a period (T) of about 1.24 sec.  
The peak spectral velocity (SVmax) and the peak spectral displacement (SDmax) 
were about 220.398 cm/s and 74.054 cm, respectively. Both peak values 
occurred with T at 1.86 sec and 7.12 sec, respectively. Based on the SAmax and 
its T value, Wen, et al. [25] and Hashash and Park [26] categorized the recorded 
ground motion of the Kobe earthquake as low-frequency motion.  
Figure 3 presents the interpretation of Arias intensity (AI) and energy flux. 
Arias [27], proposed the AI parameter to represent the strength of the ground 
motion per second, which is shown by the relation between intensity in 
percentage and time.  Energy flux represents the build-up of specific energy 
density, which was proposed by Bommer and Martínez-Pereira [21]. The 
significant duration of the Kobe earthquake was about 6.51 sec. This value is 
defined from the time difference between the time at 95% AI and the time at 5% 
AI. As for energy flux, the maximum accumulated energy of the ground motion 
was about 9600 cm2/sec.  
Campbell [28] stated that peak ground acceleration (PGA) is the most widely 
used parameter in strong ground motion. Therefore, the results of the seismic 
ground response analysis should be validated by comparing it to the recorded 
data, especially the surface ground motion. This study compared the ground 
motion from the one-dimensional site response analysis and the recorded 
ground motion using PGA and SA. 
 
 
776 Rena Misliniyati, et al. 
  
Table 1 Ground motion parameters of Kobe earthquake ground motion. 
 
Figure 1 Vertical array of Kobe earthquake at Port Island [24]. 
Parameters Record Unit Reference 
PGAmax 0.315 (g) [22] 
Time of PGAmax 5.830 (sec) [22] 
PGVmax 74.921 (cm/sec) [22] 
Time of PGVmax 7.440 (sec) [22] 
PGDmax 38.342 (cm) [22] 
Time of PGDmax 6.700 (sec) [22] 
Vmax / Amax 0.243 (sec) [22] 
Acceleration Root Mean Square (ARMS) 0.059 (g) [22] 
Velocity Root Mean Square (VRMS) 17.071 (cm/sec) [22] 
Displacement Root Mean Square (DRMS) 9.204 (cm) [22] 
Arias Intensity (AI) 1.765 (m/sec) [27] 
Characteristic Intensity (Ic) 0.082 (Ic) [29] 
Specific Energy Density (SED) 9611.106 (cm2/sec) [22] 
Cumulative Absolute Velocity (CAV) 986.527 (cm/sec) [30] 
Acceleration Spectrum Intensity (ASI) 0.200 (g*sec) [31] 
Velocity Spectrum Intensity (VSI) 314.420 (cm) [31] 
Housner Intensity (HI) 335.200 cm [22] 
Sustained Maximum Acceleration (SMA) 0.251 (g) [32] 
Sustained Maximum Velocity (SMV) 56.418 (cm/sec) [32] 
Effective Design Acceleration (EDA) 0.315 (g) [33] 
A95 parameter 0.312 (g) [34] 
Predominant Period (T) 1.240 (sec) [22] 
Mean Period (Tm) 1.477 (sec) [35] 
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Figure 2 Spectral Responses of Kobe Earthquake recorded by NIED [24]. 
 
 
Figure 3 Arias intensity and energy flux from the Kobe earthquake motion 
record. 
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3 Research Methods 
First, we define the problem of seismic ground response analysis. The soil 
profile of Port Island in Kobe, Japan was obtained from the study of 
Cubrinovski, et al. [36] (Figure 4(a)). Following Figure 4(a), a one-dimensional 
horizontal-layered soil model was generated. Four accelerometer sensors 
recorded the ground motion of the Kobe earthquake at Port Island seismic 
station in 1995 [36], which were located at depths of 0.0 m, 16 m, 32 m depth, 
and 83 m. This study used the recorded ground motion at 32 m depth from 
NIED [24] as the input motion. Then, the surface ground motion generated from 
the analysis was compared to the recorded ground motion of the Kobe 
earthquake [37]. 
The one-dimensional horizontal-layered soil model was adopted from several 
studies performed by Mase, et al. [38], as presented in Figure 4b. In this figure, 
the wavelength is used to estimate the element thickness (h). This is because the 
thickness (h) controls the maximum frequency (fmax) propagated through the 
layer, as stated by Hashash, et al. [5]. Therefore, a greater layer thickness means 
that a lower frequency propagates through the layer [5]. The element thickness 
is expressed in the following equation:  
 max4
sVh
f
=
 (1) 
In Eq. (1), h is dependent on shear wave velocity (Vs) and maximum frequency 
(fmax). Hashash, et al. [5] suggested that for engineering practice an fmax of 25 
Hz can be used in seismic ground response analysis. Several studies have 
implemented this wavelength analysis, for example Mase, et al. [19]. Using Eq. 
(1), the element thickness was determined at 1.7 m for all simulations. 
In Figure 4(b), the model was only drawn up to 32 m depth, since no 
information for ground motion was collected at 83 m depth. The input motion 
was performed at the bottom of the soil profile, i.e. at 32 m. Since the recorded 
ground motion was applied, it could be assumed that at that depth the ground 
motion began to propagate through the layer. In other words, the bottom of the 
soil profile could be assumed as a rigid half-space.  
The soil column was assumed as a fixed boundary where vertical deformations 
are allowable and horizontal displacement on both sides is equal. Furthermore, a 
one-dimensional seismic ground response analysis was performed to observe 
the soil behavior during the Kobe earthquake. One-dimensional seismic ground 
response analysis can employ several models, such as the linear elastic model 
[5], the equivalent linear model [3], the non-linear extended model [5], the non-
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linear effective stress model [12], the multi-spring element model [8], the Iwan-
Mroz model [6], and the post-liquefaction model [11,39,40].  
This study compared the ground motion parameters at ground surface obtained 
from the analysis to the recorded ground motion of the Kobe earthquake. This 
paper also presents a misfit analysis for both values. 
 
(a) (b) 
Figure 4 One-dimensional analysis model: (a) soil profile of Port Island, Kobe 
(redrawn from Cubrinovski et al. [36]), (b) soil column model. 
4 Results and Discussion 
4.1 Time History and Frequency Content 
As elaborated in the previous section, peak ground acceleration is an important 
parameter to observe ground motion characteristics. Therefore, this study 
compared the PGA obtained from the seismic ground response analysis with 
that from the recorded ground motion. Figure 5 presents a comparison of 
ground motion at the ground surface with that resulted from the one-
dimensional seismic ground response analysis. All results showed the same 
tendency as the recorded ground motion. In general, the non-linear models 
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offered better predictions than the linear model and the equivalent linear model. 
Among the five non-linear models, the extended hyperbolic model provided the 
best prediction. This is not only shown by the waveform generated from the 
extended hyperbolic model but also by the values of PGAmax and Time of 
PGAmax, which had the minimum misfit among all models (presented in 
Appendix 1). 
 
Figure 5 Surface acceleration comparison. 
The performance of the other models showed various inaccuracies. Notably, the 
linear elastic and the equivalent linear model overestimated ground motion. In 
general, the results were consistent with Mase, et al. [2], who reported that the 
equivalent linear model can overestimate PGA. In addition, the performance of 
the linear elastic model showed a high overestimation compared to the 
equivalent linear model. The model overestimated the shear stress that occurs 
once the shear strain is perfectly plastic [13]. The shear strength of the weakest 
layer controls the maximum acceleration, which indicates an overestimation of 
the peak ground acceleration above the layer [41,42]. In conclusion, the seismic 
ground response analysis showed that the extended hyperbolic model proposed 
by Hashash, et al. [5] is the most appropriate model. 
Figure 6 shows a comparison of the spectral accelerations from the one-
dimensional seismic ground response analysis and the recorded spectral 
acceleration. The spectral accelerations resulted from the one-dimensional 
seismic ground response analysis were similar to the recorded condition. 
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Meanwhile, the spectral acceleration from the non-linear model generally 
started at PGA values of about 0.3 g, which is relatively close to the recorded 
data. For the equivalent linear model and the linear elastic model, the spectral 
acceleration started at higher values than the recorded conditions. These 
findings indicate that the linear model and the equivalent linear model tend to 
be more conservative than the non-linear models. The linear elastic model 
yielded the most conservative result, as the spectral acceleration was very high 
compared to the recorded data. This is because the linear elastic model 
overestimates the peak ground acceleration due to the assumption of linearity, 
especially for the estimation of shear strain. It yields overestimation of 
propagated waves occurring in the weakest layer. Mase, et al. [38] and Yoshida 
[41] mention that the weakest layer can control the maximum acceleration at the 
ground surface. As there is an overestimation of maximum acceleration, the 
spectral acceleration is also overestimated [38,41].  
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Figure 6 Surface spectral acceleration comparison. 
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4.2 Energy Flux and Significant Duration 
Figure 7 presents the interpretation of the energy flux from the simulations and 
the recorded ground motion. The equivalent linear model resulted in a 
maximum energy flux of about 15000 cm2/sec, while the piecewise element 
model by Iwan [15] and Mroz [16] generated the lowest energy flux, i.e. about 
5500 cm2/sec. The recorded energy flux of the Kobe earthquake ground motion 
was about 9500 cm2/sec. Several non-linear models, such as the extended 
hyperbolic model by Hashash, et al. [5], the PL Finn model by Martin, et al. 
[11], and the non-linear effective stress model by Elgamal, et al. [12], generated 
a more accurate energy flux prediction. The predictions of the linear elastic 
model by Hashash, et al. [5] and the multi-spring element model by Iai, et al. 
[8] were lower than the recorded ground motion. In general, energy flux has a 
correlation with the specific energy density (SED). This is due to the fact that 
both the extended hyperbolic and the non-linear effective stress model yielded 
the closest prediction of recorded ground motion, as shown in Figure 5. A 
suitable prediction of acceleration means a suitable prediction of velocity. 
Velocity of ground motion itself is used to calculate specific energy density 
(SED), which is used to estimate energy flux [22 and 23]. 
Figure 8 presents the interpretation of the Arias intensity and the significant 
duration. All models reached 100% Arias intensity after 30 seconds of wave 
propagation. The significant duration was estimated based on the time 
difference between the time at 95% of total Arias intensity and the time at 5% 
Arias intensity. The multi-spring element model [8] predicted a lower 
significant duration, i.e. about 6.19 seconds. Meanwhile, the equivalent linear 
[3], the linear elastic [5], and the non-linear effective stress [12] model 
predicted a significant duration of about 8.263 sec. Moreover, the PL Finn [11], 
the piecewise element [15,16] and the extended hyperbolic [5] model predicted 
a significant duration of about 11.77 sec. Overall, the multi-spring element [8] 
model produced the best prediction for significant duration. Arias intensity [27] 
has a correlation with significant duration. Significant duration [23] is the 
interval of time over which a proportion (percentage) of the total Arias intensity 
is accumulated. Therefore, when the 5% and 95% Arias intensity from the 
models are consistent with the records, the significant duration is consistent 
with them as well. 
4.3 Comparison of Ground Motion Parameters 
The ground motion parameters are summarized in Appendix 1. Analysis of the 
ground motion parameters showed that the predictions of some models were 
inaccurate. For instance, the predictions of the linear elastic model by Hashash, 
et al. [5], which is due to the fact that the model is not reliable in observing non-
linear soil behavior, especially the behavior of saturated sandy soils during 
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liquefaction. Moreover, the equivalent linear model by Schnabel, et al. [5] and 
the piecewise element model by Iwan [15] and Mroz [16] resulted in a misfit for 
most ground motion parameters. Nevertheless, these models predicted four 
parameters best. The piecewise element model had the best model performance 
as indicated by the smallest misfit of the acceleration root mean square (ARMS) 
and cumulative absolute velocity (CAV). Meanwhile, the equivalent linear 
model by Schnabel, et al. [3] had the best prediction of the ratio of 
PGVmax/PGAmax (Vmax/Amax) and mean period (Tm). Thus, this model is quite 
appropriate for predicting the maximum value of ground motion peaks, even 
though it overestimates acceleration.  
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Figure 7 Energy flux corresponding to wave propagation time. 
The best prediction of maximum velocity (PGVmax) was from the non-linear 
effective stress model by Elgamal, et al. [12]. Jafarian, et al. [43] mention that 
ground motion velocity plays an important role in determining the excess pore 
pressure during an earthquake. In addition, Mase [44] recommends the ground 
motion velocity parameters to estimate the kinematic energy density for excess 
pore pressure build-up in liquefaction problems. Therefore, this model is highly 
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reliable in estimating PGVmax. Consequently, the velocity room mean square 
(VRMS) and specific energy density (SED) parameters were also estimated 
well.  
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Figure 8 Arias intensity and significant duration of the simulated models. 
The multi-spring element model by Iai, et al. [8] produced the best predictions 
of time of PGVmax, time of PGDmax and predominant period (T). This indicates 
that the multi-spring element model is quite good in predicting the time of the 
maximum peak of ground motion but is less effective in predicting the 
maximum values of ground motion. The multi-spring element model accurately 
predicted the spectral acceleration of ground motion and predominant period 
(T). The PL Finn model by Martin, et al. [11] resulted in misfit parameters of 
PGDmax, displacement root mean square (DRMS), acceleration spectrum 
intensity (AIS), velocity spectrum intensity (VSI), and sustained maximum 
velocity (SMV).  
       Seismic Response Validation of Soil Models 785 
The extended hyperbolic model proposed by Hashash, et al. [5] predicted 
several parameters best, among others PGAmax, time of PGAmax, AI, Ic, VSI, 
SMA, EDA, and A95. This indicates that this model is relatively consistent in 
predicting the parameters of ground motion. As stated by Hashash, et al. [5], the 
model emphasizes the hysteresis loop during cyclic loading, which plays an 
important role in determining soil behavior during an earthquake. The 
hyperbolic function is meant to capture a more appropriate hysteresis loop to 
approach the real soil conditions during cyclic loading. Therefore, the model 
yielded the best prediction for most ground motion parameters among all 
models. Overall, the extended hyperbolic model is the most appropriate model 
for predicting the vertical array of strong motion during an earthquake based on 
its performance in this study.  
5 Conclusion 
The linear elastic and equivalent linear models are generally used in one-
dimensional seismic ground response analysis. The predictions of these models 
overestimate the ground motion parameters of the vertical array for strong 
earthquakes. During a strong earthquake with large acceleration, normally, a 
non-linear response exists. Under this condition, linear elastic and equivalent 
linear models are not suitable to depict non-linear behavior. The overestimation 
of ground motion parameters from linear elastic and equivalent linear models 
would lead to overestimation of peak ground acceleration and spectral 
acceleration. Thus, these models cannot accurately capture non-linear soil 
response during an earthquake. In general, non-linear models are relatively 
reliable in predicting the ground motion parameters of strong motion. The 
accuracy of the predictions highly depends on the purpose of the model. For 
example, the non-linear effective stress model was designed to capture excess 
pore pressure, which makes it more accurate in predicting the soil behavior 
during cyclic loading. 
It is essential to understand the purpose of one-dimensional analysis and the 
observed parameters before performing an analysis. The performance of models 
in estimating the Kobe earthquake ground motion was quantified, as 
summarized in Appendix 1. The misfit values summarized in Appendix 1 can 
be a consideration in determining the most suitable model. Generally, 
sophisticated approaches for capturing the shear modulus and damping ratio are 
very important in non-linear models since those parameters are likely to 
significantly influence the ground motion parameters during an earthquake. 
Correctly predicting the soil response depends on using the appropriate model. 
Therefore, selecting the right attenuation model should be carefully done, 
especially related to the ground motion parameters. For frequency content 
prediction, the multi-spring element model, the PL Finn model, and the 
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extended hyperbolic model are reasonably accurate in predicting the ground 
motion parameters. Meanwhile, the extended hyperbolic model, the non-linear 
effective stress model, and the multi-spring element model can reasonably 
accurately predict energy flux and significant duration. Overall, the extended 
hyperbolic model and the PL Finn model are the most appropriate models to 
predict the ground motion parameters. This study further recommends engineers 
to use the equivalent linear and non-linear models in one-dimensional seismic 
ground response analysis to obtain a better description of ground motion 
parameters. 
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Appendix 1. Misfit of ground motion parameters for all simulated soil models 
in percentage. 
 
